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Abstract 
The surface topography of engineering components is known to affect fatigue behaviour. However, defining topography based on 
the average roughness (Ra) parameter is considered to be inadequate when correlating to fatigue performance. Alternative 
correlations utilising areal topographic parameters would therefore be valuable. This has been addressed through areal topographic 
measurements and fatigue testing of an advanced nickel based superalloy, Alloy720Li. Low cycle and high cycle fatigue tests were 
performed at ambient temperature on specimens manufactured via different turning parameters to obtain S-N curves for different 
finishes. Supporting fractography is presented to emphasise the role of surface topography on fatigue crack initiation. The effects of 
different turned surface finishes on fatigue crack initiation are demonstrated and discussed. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
The manufacture of nickel discs for aerospace 
applications typically involves a turning process 
employed to achieve desired geometry prior to finishing 
operations such as shot peening. The surface topography 
imparted by the turning process is intimately related to 
the geometry or form of the cutting tool and the 
associated cutting parameters. The resulting topography 
is known to influence fatigue properties of the final 
component particularly when crack initiation life is 
significant [1, 2]. Topographic measurements performed 
at intermediate stages during manufacturing allow for 
process monitoring, ensuring that corrective actions are 
addressed as soon as they are deemed necessary. 
Component designs normally incorporate specific 
requirements for surface topography to promote the best 
possible fatigue behaviour and avoid non-standard 
surfaces entering into service. Unfortunately, these 
requirements are typically assessed through limited 
qualitative observations and basic roughness parameters. 
Correlation between surface topography and fatigue 
performance based on more reliable quantitative data 
and functionally significant roughness parameters would 
therefore be valuable. 
Traditionally, topographic measurements rely on 
stylus based instruments to collect profile data in two-
dimensions. The data is then used to compute a set of 
roughness parameters for surface characterisation as 
specified in the component design. Among these 
parameters, the average roughness amplitude parameter, 
Ra is most commonly used by virtue of its ease of 
computation rather than close correlation with 
performance indicators such as fatigue life. Two 
dimensional measurement is also highly localised and 
deemed incapable of describing the three dimensional 
nature of the surface features affecting fatigue 
performance [3, 4]. Areal (3D) measurements of 
topography would therefore allow a more precise 
correlation with fatigue behaviour.  
This ongoing study aims to obtain correlations 
between fatigue behaviour and turned topography in a 
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nickel based superalloy, Alloy720Li. This alloy is 
employed for rotating dics components in aerospace 
applications operating in the low cycle fatigue (LCF) 
domain. Fatigue tests performed in the study therefore 
concentrate on relatively high stress levels inducing 
fatigue lives below 105 cycles. High cycle fatigue (HCF) 
experiments were also included, however, to identify the 
overall trend and to determine any difference between 
LCF and HCF response to surface topography.     
     
2. Experimental studies 
2.1. Specimen preparation 
As-turned fatigue specimens were utilised for all 
fatigue testing. To generate surface finish required, 
different turning parameters were employed on “washer 
discs”. Two discs were turned to produce distinct classes 
of topography with minimal variation in other aspects of 
the surface integrity (i.e. residual stress and subsurface 
microstructure). The nominal surface conditions of the 
discs and the alloys chemical compositions are listed in 
Table 1 and Table 2 respectively. Surface speed and feed 
were varied when turning the different washer discs to 
achieve the variation in topography (see Table 3). A 
number of plain fatigue specimens were then extracted 
in a radial fashion from each disc using electrical 
discharge machining (EDM) while ensuring that the 
final turned surfaces were retained on the front and rear 
of the specimen gauge section. The surface influencing 
the fatigue performance was confined to the central 
gauge section of the specimen by carefully polishing all 
sharp corners generated after specimen extraction (i.e. 
EDM-ed surface) from the washer discs. The area of this 
surface was approximately 150 mm2 on each side (300 
mm2 in total for each specimen). The alloy used in this 
study is cast-and-wrought Alloy720Li.  
Table 1. Summary of fatigue specimens utilised in this study 
Material Nominal average 
roughness, Sa (µm) 
Nomenclature 
Alloy720Li 1.6 AL 
Alloy720Li 3.2 AH 
2.2. Fatigue testing 
Low and high cycle fatigue properties were obtained 
using the same specimen geometry described earlier. 
Both LCF and HCF tests were performed under constant 
amplitude force control at room temperature utilising a 
loading ratio of R= -1 to maximise the potential applied 
stress range whilst minimising cyclic plasticity. Servo-
hydraulic and servo-electric machines were employed 
for the LCF tests to generate a trapezoidal 15 cycle per 
minute waveform. The HCF tests were completed using 
a vibrophore under sinusoidal waveform with resonant 
loading frequency ranging between 120 and 150 Hz for 
the different specimens. All fatigue rigs were calibrated 
to ±100 kN and all fatigue tests were compliant with 
BS3518-1:1993. 
Table 2. Chemical composition (weight per cent) of Alloy720Li [5] 
Cr Co Mo W Al Ti 
16 15 3.0 1.25 2.5 5.0 
Zr C B Ni   
0.035 0.015 0.015 Balance   
Table 3. Washer discs machining specifications 
 AL AH 
Cutting tool VNMG-160408 – FT Grade 907 
Surface speed 
(m/min) 
11 20 
Feed (mm/rev) 0.185 0.280 
Inner diameter (mm) 250 450 
Outer diameter (mm) 336 536 
2.3. Surface topography measurement 
Five areal topographic measurements were 
performed on each face of the gauge surface (ten 
measurements per specimen in total) utilising a Taylor 
Hobson CCI 3000 white light interferometer with 20x 
objective lens. This optical instrument was selected in 
favour of the traditional stylus based instrument because 
of its significantly faster measurement rate and superior 
vertical resolution of 0.01 nm. The amount of time 
required for adequate areal topographic measurement 
utilising the stylus instrument would be prohibitively 
long. The area captured by each measurement measured 
919 x 919 μm resulting in approximately 3% of the 
entire gauge face being sampled. There is unfortunately 
no specific guideline on the amount of sampling for 
surface areal measurements and limited information in 
the published literature for comparison. The surface 
height data collected by these measurements were then 
used to calculate 23 areal texture parameters (as 
specified in the current international standards for areal 
topography measurements, ISO25178-2:2012) using 
SurfStand software. Readers may refer to the standard 
document [6] for definitions of the areal topographic 
parameters. The texture direction parameter, Std was 
excluded from the characterisation as textural directions 
were negligible across all specimens. 
 
 
 
 
 
 
 
21 D.T. Ardi et al. /  Procedia CIRP  13 ( 2014 )  19 – 24 
 
 
(a) 
 
(b) 
Figure 1. Three dimensional reconstruction of the as-turned 
topographies utilised in the study: (a) AL and (b) AH. 
3. Results and discussion 
The two turned topographies utilised in the study 
possessed evenly distributed parallel machining grooves 
(see Fig. 1). A total surface measurement (100% 
sampling) was completed on one of the gauge faces of a 
single AL specimen to determine topographic variability 
across the turned surface. High Sa readings of up to 2.24 
μm (compared to an average of 1.75 μm) were recorded 
near the transition to the specimen shoulders. This can 
be accounted for by the variation in density of 
topological features near the shoulder as well as 
imperfections related to the software’s form removal. 
Nevertheless, the coefficient of variation (ratio of 
standard deviation to mean) for most parameters (except 
the texture aspect ratio, Str) were below the upper limit 
of 50% suggested by a previous study [7]. The turning 
process employed was, therefore, highly consistent 
resulting in a highly isotropic surface.  
Differences between the turned topographies can be 
described mainly through the amplitudes of the peaks 
and troughs and the lateral separation between the 
machined grooves. The autocorrelation length 
parameter, Sal measures the minimum distance 
separating two locations with minimal correlation. The 
magnitude of this parameter was found to relate closely 
with the separation of the grooves (a narrow groove 
separation results in low Sal and vice versa) thus 
AH>AL. Variations among two parameters, Ssk 
(skewness) and Str were found to be unacceptably large. 
They are known to be susceptible to large variation as a 
result of small surface change [8] and were therefore 
excluded from characterisation of these topographies.  
Fig. 2 describes the comparison of topographic 
parameters for the turned surfaces. It can be seen that the 
ratios vary considerably among the different surface 
parameters studied. The Sa parameter may exaggerate 
the difference in terms of topography between the 
specimens. The ratios obtained from all other parameters 
in AH specimen for instance were generally below that 
of the Sa parameter. The largest difference between AL 
and AH specimens was described by the reduced peak 
height, Spk parameter. This parameter measures the peak 
height above “core” roughness of the surface particularly 
useful in wear studies to determine initial material 
removal. 
Metallographic sections were prepared through the 
turned surface of selected specimens. Deformed or 
“swept” grains were observed within several micro-
Figure 2. Areal topographic parameters for AH normalised to the condition of AL 
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metres of the surface (see Fig. 3). The depth of the 
affected layer in both Alloy720Li discs was found to be 
similar at around 2.5 – 3 µm, hence this phenomenon 
was unlikely contributing towards any difference in 
fatigue performance. It is recognised that surface 
residual stress will also contribute to the fatigue crack 
initiation mechanism and subsequent fatigue life. Hence, 
residual stress measurements will be taken from a 
representative specimen at some future date to allow us 
to partition the relative impact of topography and 
residual stress on fatigue behaviour. Similarities in the 
micro-hardness data collected from cross-sections of AH 
and AL specimens however, suggests that differences in 
residual stress for the two specimens are minimal as a 
previous study has shown close correlation between 
micro-hardness and residual stress [9]. Therefore apart 
from surface topography the surface integrity of both 
specimens can be reasonably assumed to be similar at 
this stage. 
 
 
 
Figure 3. Cross sectional scanning electron micrographs of Alloy720Li 
turned surfaces: (a) AL and (b) AH showing evidence of swept grains 
near the free surface. 
Stress-life data obtained from the fatigue tests are 
shown in Fig. 4. Considering the LCF data in Fig. 4a, 
minimal variation in fatigue strength due to the 
topographic difference was observed between the two 
sets of specimens at relatively high peak stress 
conditions. Best-fit lines generated from a power fit 
based on the experimental data, however, suggest a 
“fatigue debit” at relatively low LCF stress conditions. A 
reduction in fatigue strength of approximately 10% 
could be observed for the AH specimen at a fatigue life 
of 100,000 cycles. Therefore, high cycle fatigue tests 
were performed to determine if the S-N curves continue 
to deviate with decreasing applied peak stress. The HCF 
data display a greater degree of scatter compared to the 
LCF tests, particularly amongst the AL specimens (see 
Fig. 4b) in spite of similarities in the initiation mode (i.e. 
initiations near the base of a groove at surface sites). As 
such any difference in surface topography amongst the 
Alloy720Li specimens within the range of Sa 1.6 to 3.2 
µm appears to have no significant effect on the high 
cycle fatigue behaviour of these sets of specimens. 
Fractography consistently demonstrated surface 
initiated fatigue cracks in both LCF and HCF tests. 
Initiation sites were invariably located at the base of 
turned groove features where local stress concentration 
is expected to be greatest. Fig. 5a and c show typical 
fracture surfaces obtained from AL and AH specimens 
with multiple initiations. These initiations can be found 
within the same groove (see Fig. 5a) or adjacent grooves 
resulting in “steps” between the planes of earliest fatigue 
cracking (see Fig. 5c). More detailed view of a single 
initiation site are shown in Fig. 5b and d. The controlling 
influence of topography on initiation is expected to 
diminish at relatively high stress conditions where cyclic 
plasticity is known to dominate the crack initiation 
mechanism. 
 
 
(a) 
(b) 
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Figure 4. Stress-life plot with superimposed best fit trend lines 
obtained from force controlled tests with load ratio of -1 at room 
temperature on plain “washer” specimens: (a) Low cycle fatigue 
(utilising trapezoidal 15 cycle-per-minute loading waveform) and (b) 
high cycle fatigue (utilising sine waveform with resonant loading 
frequency between 120 and 150 Hz). Run-out tests are indicated by an 
arrow. 
Surface stress distribution was predicted using a 
commercially available finite element analysis (FEA) 
code within Abaqus software. The geometry was 
modelled using selected surface height data from the 
measurements and suitable boundary conditions were 
applied to simulate the ideal test condition where all 
strains are limited to the loading direction. The FEA 
results show good correlation between the height of the 
topological features and elastic stress concentrations, Kt   
(see Fig. 6). Elevated stresses tend to be found at 
features below the mean height such as grooves and pits 
(i.e. –ve topological height in Fig. 6) thus the Sv 
parameter describing the deepest valley depth should be 
useful. Gradients surrounding these topological features 
also likely to influence stress concentration as the 
highest stress concentrations need not be associated with 
the deepest topological location. Hybrid parameters (i.e. 
Sdq, Ssc and Sdr), therefore, need to be incorporated into 
topographic characterisation for correlation with fatigue 
performance perhaps through a multi-parameter 
representation of surface topography [10]. Topographic 
differences between the two specimens in terms of the 
parameters believed to play a role in the surface stress 
concentration were not significant, particularly when 
considering the respective values for Sa (see Table 4). 
This may account for the relatively insignificant 
difference in fatigue performance between the 
Alloy720Li samples. Further tests with lower surface 
roughness (Sa of 1.0 µm) are planned to gain a better 
understanding on the relationship between turned 
topography and fatigue performance for this alloy. 
 
 
 
 
 
Figure 5. Fractography of AL (a and b) and AH (c and d) 
specimens which failed under LCF load showing typical 
initiation observed among the specimens: at low magnification 
showing multiple crack initiation within a single valley (a) and 
several valley features (c); at high magnification (location 
indicated by the box on the corresponding low magnification 
image) showing a single surface initiation site in AL (b) and 
AH (d) specimens. 
(d) 
(c) 
(b) 
(a) 
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Table 4. Selected topographic parameters for the specimens (average 
values) 
Specimen Sv (µm) Sdq Ssc (1/µm) Sdr (%) 
AL 5.496 0.404 0.881 10.667 
AH 7.519 0.436 1.020 11.783 
4.   Conclusions 
Areal (3D) topographic measurement has afforded a 
better understanding on the correlation between 
topography and fatigue behaviour, particularly through 
analytical studies on surface stress distribution. 
Machining features such as turning grooves act as crack 
initiation sites reducing the overall fatigue life as 
confirmed by the fractography of tested specimens. The 
height as well as stress gradient surrounding topological 
features were found to determine stress concentration 
leading to fatigue failures. Therefore, amplitude and 
hybrid topographic parameters should be included in 
topographic characterisation for fatigue analysis 
purposes.    
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